An in situ angle-dispersive x-ray diffraction study was undertaken of iron in a laserheated, diamond-anvil cell up to 2375 kelvin and between 30 and 100 gigapascals in Al 2 O 3 -and SiO 2 -pressure media. The resolution and reliability of diffraction peak intensities allow quantitative assessment of a structural model. The results confirm that iron undergoes a phase transformation at high pressures and temperatures. The space group is Pbcm for an orthorhombic lattice, and the atomic topology is close to that of hexagonal close-packed iron.
Iron is the dominant component of
Earth's core, so information on its behavior at high pressures and temperatures is necessary to understand the observed seismic structure of the core, the chemical and dynamical coupling between the core and the mantle, and Earth's magnetic field. Iron's crystallographic structure at core pressures and temperatures remains uncertain (1) because: (i) there are only a few observations because of the difficulties of obtaining results under these extreme experimental conditions and (ii) the few experiments (2-4) indicate that iron undergoes phase transformations at high pressures and temperatures, but there is disagreement about the stability field of the observed phases. In particular, the existence of a possible polymorph in the high-pressure region of the ␥-phase stability field (4, 5) remains controversial.
Third-generation synchrotron radiation facilities produce intense x-ray beams comparable in size (about 10 m) with the laser hot spots generated on DACs, allowing determination of mineral and iron properties under deep Earth conditions (5, 6) . Previous synchrotron radiation experiments used energy-dispersive x-ray diffraction, which suffers from an intrinsically limited detector resolution and a poor coverage of the reciprocal space. It was not possible to extract reliable intensity information, therefore crystallographic analysis was inhibited. Angle-dispersive diffraction represents a major improvement in resolution, thus making possible investigation of subtle details of the structure of iron. Another experimental challenge is the occurrence of nonquenchable high-temperature polymorphs, emphasizing the need for reliable in situ diffraction experiments during laser heating in the DAC.
We used a DAC with a large optical aperture (9) mounted with diamond anvils with 300-m culets. Rhenium gaskets were preindented to a thickness of 40 m and drilled to a diameter of 80 m. As samples we used a 5-m-thick iron foil mounted between two 15-to 20-m-thick pure Al 2 O 3 or SiO 2 polycrystalline discs. Samples were heated to 2375 K using a multimode regulated YAG laser. Because the iron samples were thinner than 5 m we assumed that the axial temperature gradient was negligible. This assumption is supported by the experimental evidence of diffraction peak widths during laser-heating (0.07 degrees-2), which are comparable to ambient condition Si-standard pattern widths (2 ϭ 0.02°to 0.05°). Therefore, artifacts due to pressure or temperature gradients (spatial or temporal) are excluded.
Temperature measurements were achieved with an optical system designed for online measurements (7) . During x-ray spectra acquisition, temperature variations were monitored and kept within 50 to 100 K. Pressures were measured at room temperature before and after laser heating, using ruby fluorescence and Al 2 O 3 or SiO 2 compression curves (8) .
Angle-dispersive x-ray diffraction measurements were performed on the dedicated high-pressure beamline ID30 at ESRF. An x-ray beam of wavelength 0.4245 (1) Å was selected from an undulator using a channelcut Si(111) monochromator. The monochromatic beam was focused using two single-electrode bimorph mirrors to FWHM of about 15 by 8 m (10). This size was used to minimize the horizontal temperature gradient in the x-ray spot and avoid contamination of the recorded patterns with diffraction patterns from the gasket material. Full reciprocal angle data were collected for 5 to 10 min using image plates located 400 mm from the sample (Fig. 1) . Two-dimensional patterns were integrated after geometric corrections using the program Fit2d (11) .
The bottom spectrum in Fig. 2 (4, 12) proposed a doubling of the hcp unit cell along the c axis to form the ␦ hcp lattice with cell parameters of a ϭ 2.384 and c ϭ 7.666 Å at a pressure of 47 GPa. Saxena et al.'s ␦ hcp lattice could explain some of our features, but significant deviations remain uninterpreted (Table 1) . We thus conclude that a ␦ hcp structure does not correctly fit our results.
On the other hand, all the diffraction lines observed at high temperature can be explained by a doubling of the ε hcp iron lattice in its basal (a,b) plane, to produce an orthorhombic unit cell. The transformation ( Fig. 3) is mainly related to the deviation of the orthorhombic b/a ratio from the particular hcp value of 2cos30°. This orthorhombic lattice can also be derived from the ␥ fcc iron found at lower pressures. The intermediate structure of this new phase between ␥ iron and ε iron is a clue that explains its formation at high pressures and temperatures.
All the features of the 18-angle-dispersive spectra recorded at temperatures between 1780 and 2375 K and pressures between 30 and 60 GPa can be explained with the proposed orthorhombic lattice ( Table  1 ). The volume of between 37.33 and 40.26 Å 3 is within those of ε iron [36 Å 3 at 50 GPa and room temperature (13) ] and ␥ iron (40.5 Å 3 after extrapolation to 35 GPa and room temperature). The cell parameters were refined as a ϭ 2.16 to 2.35, b ϭ 4.11 to 4.24, and c ϭ 4.03 to 4.15 Å; thus, the orthorhombic iron lattice is strongly flexible (14) .
To avoid any artifact related to pressure transmitting medium, we checked the occur- Table 1 . Possible Bragg line indexing of the most intense diffraction lines of iron recorded at 44.6 GPa and 2125 (70) K (Fig. 2) . Some experimental features cannot be explained by the occurrence of iron (indicated by ϩ). The characteristic 002 hcp line is not observed in the experimental spectra (indicated by Ϫ). Our results are also incompatible with a ␦ hcp structure for iron (4, 12) . Instead, we propose the occurrence of an orthorhombic lattice (Fig. 3) Table  2 ).
SCIENCE ⅐ VOL. 278 ⅐ 31 OCTOBER 1997 ⅐ www.sciencemag.org rence of the proposed orthorhombic phase using an iron sample loaded at about 100 GPa in an SiO 2 pressure-transmitting medium (15) . The SiO 2 diffraction peaks are weaker (Fig. 4 ) compared with that of Al 2 O 3 ( Fig. 2) because of the reduced thickness of the SiO 2 -iron-SiO 2 sandwich. Iron was not sufficiently insulated from the diamonds, and it was difficult to produce in situ x-ray patterns during stable laser heating. After laser heating at about 2300 K, the diffraction pattern clearly shows a doubling of the 100 and 101 lines of the hcp lattice (Fig. 4) . All the lines are explained by the same orthorhombic lattice (Table 2) we proposed for the Al 2 O 3 experiments at 2125 K and 44.6 GPa (Fig. 2) . At this higher pressure, the high-temperature polymorph is preserved after the quench. However, we observed rapid back-transformation to ε iron after a slight pressure decrease. At 100 GPa, the orthorhombic lattice is found to be about 1% denser than that of the hcp lattice, with respective values of 10.76 and 10.85 10 3 kg/m 3 . We also double-checked our finding against a possible data contamination from the gasket signal. This was done by repeating exactly the same experiments but using W instead of Re as the gasket metal. The diffraction patterns observed during these experiments showed the same new peaks at high pressure and temperature.
We used the spectrum recorded during laser heating at 2125 Ϯ 70 K at 44.6 GPa (Fig. 2) for a structure refinement of the iron. In order to determine possible space groups, we checked the indexed pattern for systematic absences. The absence of the 010, 001, and 011 reflections, and the presence of the 100 reflection, suggested the following space groups as candidates for the new phase: Pccb (54), Pmcb (55), Pbcm (57), and Abmm (67). We then deduced the symmetry elements for orthorhombic iron based on the assumption that its atomic arrangement represents the most symmetric distortion from that of ε hcp iron. This analysis yielded space group Pbcm (57), which we used in a subsequent LeBail refinement using the program package GSAS (16) . The LeBail refinement (Rwp Ͻ1%) yielded orthorhombic cell parameters close to those of a pseudohexagonal unit cell. However, additional modeling and refinements using hexagonal space groups and unit cells were not able to reproduce the observed pattern.
We then refined atomic coordinates from starting parameters obtained through the symmetry analysis described above. The refinement converged to an R(F 2 ) of 5.7%. It also revealed a slight preferred orientation with the c axis parallel to the incident beam and symmetry axis of the DAC. The iron atom refined to a 12-coordinated site, similar to the iron environment in ε hcp iron, but distorted (Table 3 and Fig. 5 ). The new structure can be described as a simple shift of the hcp-AB layers relative to each other sub-parallel to (110)-hex by roughly 0.3 Å. This simple transformation mechanism, together with the high quality of the refinement supports the proposed model.
There have been several recent studies Table 2 . Bragg indexing of the iron diffraction lines recorded at about 100 GPa in an SiO 2 pressuretransmitting medium (Fig. 4) . Hcp iron was obtained after laser annealing at moderate temperatures (100 GPa, Annealed). Iron adopts an orthorhombic lattice after laser heating up to about 2300 K (100 GPa, quenched). This lattice perfectly explains the 10 iron diffraction lines of the spectrum; it shows the same Bragg features as at lower pressures in the Al 2 O 3 pressure medium (44.6 GPa, 2125 K, Fig. 2 ).
Medium Table 3 . Parameters related to the structural refinement of iron laser heated at 2125 (70) K at 44.6 GPa (Fig. 4) . Uncertainties are given on the last significant digits in parentheses. The analysis was performed using the program package GSAS. We deduced the space group from systematic extinctions and a symmetry analysis (see text). of the high-temperature structural modifications of iron between 30 and 60 GPa. Funamori et al. (17) found ␥ iron to be stable up to 32 GPa and 1500 K. Saxena et al. (4, 12) suggested that iron underwent a phase transformation to ␤ phase with ␦ hcp structure at 40 to 60 GPa. They recorded x-ray patterns on quenched samples previously heated with intentionally strong temperature gradients [see figure 2 in (12)]. In such an experimental procedure, samples were most likely subjected to strong stress fields that might bias structural determinations. Dubrovinsky et al. (18) recently provided experimental data supporting a ␦ hcp structure. The major evidence was the presence of 004 and 103 Bragg lines, which however disappeared with prolonged heating; thus raising the possibility that the reflections were from an unstable intermediate iron structure. Yoo et al. (5) recognized a metastable new polymorph at lower pressures and located it within the previously defined ␥ iron stability field. They did not observe a phase transformation when laser heating ε iron between 40 and 60 GPa. The absence of a phase transformation in this range disagrees with the other reports (2-4) and our study. All of our spectra recorded at high-temperatures from 30 to 60 GPa and at 100 GPa correspond to the described orthorhombic lattice. The stability field of this polymorph thus appears similar to that proposed by Saxena et al. (4) for the ␤ phase. We believe that the main difference between their study and our work lies in the interpretation of the diffraction patterns, and thus propose that the structure of the ␤ phase is the orthorhombic lattice. From our results, it appears that the stability field of ␥ iron should not extend much above 32 GPa, while that of ␤ iron extends up to at least 100 GPa (Fig. 6 ).
Three-Dimensional Dynamic Simulation of the 1992 Landers Earthquake
K. B. Olsen,* R. Madariaga, R. J. Archuleta
The 1992 Landers, California, earthquake (magnitude 7.3) was modeled as the propagation of a spontaneous rupture controlled by a realistic prestress distribution with the use of a three-dimensional finite-difference method. The dynamic rupture reproduces the general slip pattern used to compute the initial stress distribution and generates nearfault ground motions at the surface similar to observations. The simulated rupture propagates on the fault along a complex path with highly variable speed and rise time, changing the magnitude and pattern of the stress significantly. The method provides the framework to estimate earthquake rupture parameters from recorded seismic and geodetic data.
The rupture of earthquakes and the resulting ground shaking have usually been studied from two complementary but different perspectives. The rupture is typically analyzed by seismologists interested in the initiation, propagation, and healing of earthquake ruptures using complicated models (1, 2) , whereas the resulting ground shaking is generally computed in specific areas on the basis of a simple kinematic definition of the source (3). Here, we combine the two efforts into a single integrated approach, including the computational efficiency of recent kinematic methods (4). We assume rupture on a planar, vertical fault, although it would be possible in principle to simulate more complex ruptures. The main assumption in seismic source dynamics is that traction and slip, the relative displacement of one side of the fault with respect to the other, are related by a friction law across the fault zone. This friction law is a function of local rupture parameters including slip (D), slip rate (Ḋ ), and certain state variables (5) that describe the aging of fault contacts, fluid pressure, temperature, and several other slowly vary- (12) ]. The A and B arrows are an estimate of the pressure-temperature path of iron during laser heating under pressure. We maintain ␤ iron as a name for the newly determined orthorhombic structure. Melting curve was determined by Boehler et al. and Shen et al. (3, 19) . Persistence of the ␥ phase at 32 GPa and 1500 K was indicated by in situ x-ray experiments (17 ) .
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